Abstract-Circular synthetic aperture radar (CSAR) is different from other usual SAR modes, e.g., Stripmap SAR or Spotlight SAR, which takes a circular path rather than a straight path. It can provide not only two-dimensional (2-D) high resolution images but also threedimensional (3-D) information about the target. In this paper, 2-D CSAR imaging containing 3-D information about the target is discussed. Considering the limited bandwidth of radar system and the limited angular persistence of the reflector's scattering characteristic in a real scene, we combine the data extrapolation technique based on the autoregressive (AR) model with the non-coherent combination of the sub-aperture images based on the approximate Generalized Likelihood Ratio Test (GLRT) technique to get a 2-D CSAR image with resolution improved and with aspect-dependent reflectivity characteristics kept. The GTRI T-72 tank dataset is processed to test the algorithm.
INTRODUCTION
In circular synthetic aperture radar (CSAR) mode, the radar illuminates the target over a complete 360 degrees aperture [1] [2] [3] . The CSAR's wide-angle non-planar collection geometry leads to its unique features: it can realize two-dimensional (2-D) high-resolution imaging as well as possible three-dimensional (3-D) imaging. In this paper, 2-D CSAR imaging containing 3-D information about the target is considered. There exist some problems in the real 2-D imaging application of CSAR. First, due to the limited bandwidth of radar system and the limited angular persistence of the reflector's characteristic (few reflectors provide persistent responses larger than 20 degrees [4, 5] ), the prefect resolution is hard to be achieved. Second, the traditional imaging algorithms based on the assumption of isotropic scattering may obscure aspect-dependent scattering characteristic of the target. In fact, the first problem can be solved by traditional super-resolution techniques. There are mainly three kinds of superresolution imaging algorithms, including spectrum estimation (e.g., MUSIC [6] , ESPRIT [7] ), spectrum extrapolation (e.g., AR model [8] [9] [10] ) and adaptive weighting methods (e.g., SVA [11, 12] ). In this paper, the AR model is adopted to extrapolate phase history data outside the observation area before imaging processing, so it can avoid setting these data to 0. The second problem can be solved by the approximate Generalized Likelihood Ratio Test (GLRT) technique through noncoherently combining the sub-aperture images [13] [14] [15] [16] , which can effectively keep the aspect-dependent scattering characteristics.
The GTRI dataset for T-72 tank was publicly-released on the Air Force Research Laboratory (AFRL) website in 2006 [17] . These extensive turntable data can be treated as the CSAR data, which have been used in analyzing the principle of CSAR and verifying the imaging algorithm by Soumekh [1, 2] . Considering public release requirements of the military data, the data have been down-sampled in both azimuth aperture and frequency domain. In this paper, we combine the data extrapolation based on the AR model with the non-coherent combination of the sub-aperture images based on the approximate GLRT to form an enhanced 2-D T-72 tank image with aspect-dependent scattering behavior kept.
The rest of this paper is organized as follows. Section 2 briefly introduces the 2-D imaging model of CSAR. Section 3 introduces the data extrapolation technique based on the AR model. Section 4 illustrates the basic idea of composite image based on the approximate GLRT. Section 5 presents the imaging processing and results of GTRI data. Finally, Section 6 concludes the paper.
TWO-DIMENSIONAL IMAGING MODEL OF CSAR
The CSAR imaging geometry is shown in Fig. 1(a) . Its top view and side view are shown in Figs. 1(b) and (c) respectively. Let's assume the radar locates on the plane z = z 0 , and the flight radius is R. Then the slant range can be expressed by, 
Let's denote the transmitted radar signal as p(t), and define the reflectivity function of the target on the ground plane z = 0 as f (x, y). Then the received echo signal can be given by [1] ,
The Fourier transform of (3) with respect to the fast-time t is,
where ω denotes the fast-time frequency, θ denotes the aspect angle, P (ω) denotes the Fourier transform of p(t), k = ω c , and c = 3×10 8 m/s. The above signal model is based on the assumption that the target locates on the ground plane z = 0. In practice, the target has a varying height as the variation of (x, y). If we define the height function as z(x, y), then the model (3) can be modified as [1] ,
After imaging processing at the imaging (focus) plane z = z h , the 2-D imaging result can be denoted as I(x, y, z h ), which contains the 3-D information about the target. Specifically, I(x, y, 0) corresponds to the focus ground plane of z = 0. When |z h | R 0 , the image I(x, y, z h ) at any focus plane can be deduced from I(x, y, 0) by using [15, 16] ,
where
DATA EXTRAPOLATION BASED ON THE AR MODEL
In this section, the principle of one-dimensional data extrapolation based on the AR model is discussed firstly, and then two kinds of data extrapolation schemes are introduced.
Let {x(n), n = 1, 2, . . . N } be the observation data. The forward prediction of x(n) based on the p-th order AR model can be defined by [8, 9] 
and the backward prediction can be done viâ
The forward prediction error can be expressed as,
and the backward prediction error can be expressed as,
where a i denotes the i-th filter coefficient, b i = a * i , and n = p + 1, p + 2, . . . , N .
Once the order p is fixed, the coefficients of a i and b i in the AR model can be obtained through the minimization of Next, we shall introduce two schemes for data extrapolation based on the AR model, which will be used in Section 5.
Scheme 1: As shown in Fig. 2(a) , one group of the observation data is used in extrapolating the data on the left and right sides. In this case, after obtaining the AR model coefficients, the right side data can be calculated by (7), and the left side data can be calculated by (8).
Scheme 2: As shown in Fig. 2(b) , two groups of the observation data are used in extrapolating data in the middle. In this case, we first calculate the AR model coefficients of one group of the observation data on the left side, and extrapolate them to obtain the middle datax R (n) through (7) . Secondly, we calculate the AR model coefficients of the other group of the observation data on the right side, and extrapolate them to obtain the middle datax L (n) through (8) . Finally, we combinê x R (n) withx L (n) using the weighted coefficients to obtain the final middle data.
COMPOSITE IMAGE BASED ON THE APPROXIMATE GLRT
Because of the limited visible angle range of scatterers, full-aperture imaging will obscure aspect-dependent reflectivity characteristic, which means a large amplitude response persisting over a small angle extent may become a low amplitude average response over the full 360 degrees azimuth aperture. The approximate GLRT is one of the efficient ways to solve this problem by non-coherently combining the sub-aperture images [13] [14] [15] [16] .
On the basis of Section 2, we divide the echo data into M subapertures. When the focus plane of z = 0 is chosen, the m-th sub-aperture image can be constructed by [15, 16] 
where y, z(x, y) ), and the azimuthal window function W m (θ) is given by,
where θ m denotes the center azimuth angle for the m-th window, and ∆ denotes the width of window. By substituting (11) into (6), we can obtain a 2-D sub-aperture image I m (x, y, z h ) at the focus plane z = z h .
The basic principle of approximate GLRT is to take the noncoherent maximum over the sub-aperture images. So, the final composite image I G (x, y, z h ) can be obtained by [15, 16] ,
IMAGING PROCESSING OF THE GTRI T-72 TANK DATA

Description of the GTRI T-72 Tank Data
As described on the AFRL website [17] , the basic information about the GTRI T-72 tank data is as follows:
(1) It provides full-polarization phase history data with center frequency of 9.6 GHz.
(2) There are totally 29 folders in the released dataset, and each folder corresponds to a depression angle. There are 85 data files for each polarization in each folder, which means that the full-aperture data is divided into 85 subapertures.
(3) Each data file contains 221 complex frequency samples by 79 complex azimuth samples after being down-sampled.
(4) The frequency step is 3 MHz, the aspect angle step is 0.05 degrees, and the depression angle step is 0.138 degrees.
From the above information, we can deduce that the bandwidth is about (221 − 1) × 3 = 660 MHz, and there are about (360/85 − 79 × 0.05) ≈ 0.2853 degrees of azimuthal data are missing in each data file (for each subaperture).
In the following imaging processing, the data of folder f115 with a depression angle of 29.9994 degrees will be used. We choose the focus plane of z = 0.75 m, which corresponds to the relative height of the cannon of the T-72 tank [1] . It should be emphasized that the zeroDoppler clutter must be removed from the phase history data before the imaging processing [18] .
Azimuthal Data Extrapolation Based on the AR Model
The HH polarization data over the full-aperture in the folder f115 are used here. The data extrapolation in azimuth aperture can be implemented in the way of scheme 2 as described in Section 3. Fig. 3(a) and Fig. 3(b) show the phase history data before and after extrapolation in azimuth, respectively. A zoomed in part of Fig. 3(a) is shown in Fig. 3(c) . It is obvious that there are some gaps between subapertures before data extrapolation. However, the gaps are successfully filled after data extrapolation as shown in Fig. 3(d) .
Fast-time Frequency Data Extrapolation Based on the AR Model
After the data extrapolation in azimuthal direction, the data extrapolation in the fast-time frequency domain can be implemented in the way of scheme 1 as described in Section 3. The full-aperture phase history data after extrapolation is shown in Fig. 4(a) . A zoomed in part of Fig. 4 (a) is shown in Fig. 4(b) . As a result, the signal bandwidth of 660 MHz has been extended to 1.2 GHz. Figure 4 . Phase history data (a) after extrapolation (both in azimuth aperture and frequency domain), (b) a zoomed in part of (a).
Composite Image Based on the Approximate GLRT
In view of the fact that most of the scatterers of T-72 tank are anisotropic over the full-aperture, the approximate GLRT technique can be used to non-coherently combine all the 85 sub-aperture images. composite images based on the coherent combination of sub-aperture images before and after data extrapolation are shown in Fig. 5(a) and Fig. 5(b) , respectively. The composite images based on the approximate GLRT technique before and after data extrapolation are shown in Fig. 6(a) and Fig. 6(b) , respectively. Meanwhile, Fig. 7 shows the serial number of subaperture (azimuth angle, indicated by the color bar) corresponding to each pixel in Fig. 6 . From Fig. 5 and Fig. 6 , one can see that the cannon of the T-72 tank is well focused due to the right focus plane is chosen, while the two corner reflectors appear to be defocused because they are not located on the same height as the cannon is. Therefore, we can also get 3-D information from these 2-D images.
By comparing Fig Fig. 6(b) , one can see that some scatterers with large scattering amplitude persisting over a narrow range of aspect angles finally possess small amplitude in the coherently combined images. But with the non-coherent combination of the sub-aperture images based on the approximate GLRT, the large scattering amplitude of scatterers can be well maintained. From Fig. 7 , one can also see the serial number of subaperture (azimuth angle) corresponding to the maximum amplitude of each pixel in these 2-D imaging results.
After comparing Fig. 5(a) with Fig. 5(b) , one can see that the resolution is improved significantly after data extrapolation in the coherently composite image. At the same time, comparing Fig. 6(a) with Fig. 6(b) , one can see that the resolution is also remarkably enhanced after data extrapolation in the non-coherently combined image based on the approximate GLRT technique.
CONCLUSION
In this paper, the AR model is applied to extrapolating the GTRI T-72 tank data both in the fast-time frequency domain and in the circular aperture direction. Imaging results show that the resolution is improved significantly after data extrapolation. At the same time, noncoherent combination of sub-aperture images based on the approximate GLRT technique is performed to further improve the imaging quality. The results indicate that the aspect-dependent scattering characteristic of each scatterer can be well kept.
